Abstract-A compact symmetrical band-pass filter design using coupled microstrip line is presented in this paper. The microstrip line sections connected to the two input and output ports of the filter structure are printed over the Defected Ground Structure (DGS). The proposed symmetrical structure offers a simple and compact design and exhibits improved stop-band characteristics in comparison to the conventional coupled microstrip line filter structure. The prototype model of the proposed filter structure is developed and tested. The measured results are found to be in good agreement with the simulation results.
INTRODUCTION
Microwave band-pass filters play important roles in the microwave systems especially in the transmitting and receiving systems to identify and transmit the desired signals. As for the planar microwave bandpass filters, there are normally four different types: the combline filters, the interdigital filters, the parallel coupled filters and the hairpin-line filters. In modern RF/microwave communication systems, the size of the planar microwave filters is one of the major concerns, especially when these filters are applied in the monolithic microwave integrated circuits (MMIC). As for the miniaturization of the microwave filters, numerous methods were proposed in the past [1] [2] [3] [4] [5] [6] [7] . Among them, the use of high dielectric constant substrate, the slow-wave effect and the stepped-impedance resonator (SIR) structure are the most effective techniques to achieve compact size. In this paper, an attempt is made to design a compact coupled microstrip line filter with improved performance characteristics by making use of symmetrical filter configuration printed on DGS. First, a prototype band-pass filter based on conventional asymmetrical parallel coupled microstrip line [8] [9] [10] [11] configuration is designed. A simple design procedure for the coupled microstrip line band-pass filter can be found in [8] . The design is further modified to realize a compact symmetrical parallel coupled band-pass configuration [12] by printing the lower diagonal portion of the coupled lines in the upper right half portion so as to form a symmetrical compact bandpass filter structure occupying practically half the area than the conventional asymmetrical parallel microstrip configuration. Finally the characteristics of the compact structure are further improved by realizing the I/O sections of the microstrip feed lines on DGS.
FILTER DESIGN
The parallel-coupled microstrip transmission lines can be used to construct many types of filters. The general conventional BPF structure of the parallel-coupled-line filter is based on the halfwavelength resonators. The proposed filter structure is constructed on the FR4, PCB board with dielectric constant ε r = 4.4, loss tangent tan δ = 0.016 and substrate thickness h = 1.6 mm. The Method of Moments based IE3D version 9.35 simulation software from Zeland USA is used for the purpose of simulation. The filter design can be maximally flat (Butterworth) or with ripple value (Chebyshev). In the present work a Chebyshev design is used. The Fractional Bandwidth (FBW) is set to FBW = 15% and the specified pass-band ripple to 0.1 dB with the central frequency f 0 = 2.4 GHz. Considering these specifications, the element values of the prototype Chebyshev low-pass filter with pass-band ripple of 0.1 dB, are selected as g 0 = g 6 = 1.0,
where g 0 , g 1 , . . . , g n+1 are the elements value of the low-pass prototype filter with a normalized cutoff Ω c = 1. The J j , j+1 are admittance inverter parameters and Y 0 is the characteristic admittance Table 1 . Design parameters for parallel-coupled strip-line resonator filter. 
The
, and (Z oo ) j, j+1 values are calculated from the Equations (1) to (5) . The dimensions of the strip width W j, j+1 , and the gaps are obtained from the given graphs [13] . The basic length l is a quarter-wavelength at frequency ω 0 in the medium of propagation, while the actual length is shorted by the amount d j, j+1 . Cohn [13] has found that a constant correction of d j, j+1 = 0.165b (where b is the ground-plane spacing). The dimensions d j, j+1 are resonator length corrections to account for the fringing capacitance from the end of each strip. The top view of the conventional parallel-coupled BPF is shown in Figure 1 (a). The ground plane is complete metallic structure. In the Simulation the ground plane is considered to be finite with a total substrate area of 136 mm × 12.5 mm = 1700 mm 2 .
To reduce the area occupied by the conventional filter structure the compact parallel coupled Band-pass filter is realized as shown in Figure 1 (b). The compact structure occupies overall area of 136 mm × 6.60 mm = 897.6 mm 2 .
The simulated results for the S-parameter characteristics of the conventional BPF and the compact BPF are shown in Figure 2 . A comparison of the two results shows that the conventional and the compact BPF exhibit similar characteristics. Reduction in area (%) can be calculated as ((1700 − 897.6)/1700) * 100 ∼ = 47 %. However, in compact BPF the overall size reduction of approx. 47 percent is achieved in comparison to the conventional BPF. The S-parameter characteristics also show a limited stop-band characteristics ranging from approximately 3 to 7 GHz due to the occurrence of the higher harmonics. In order to widen the stop band characteristics the use of Defected Ground Structure (DGS) is proposed. The I/P and O/P microstrip line feeding structure is printed over DGS sections both at the input and output ports as shown in Figure 3 . The DGS configuration proposed in this work is a dumb-bell shaped structure which is capable of exhibiting the desired stop band characteristics without disturbing the pass band characteristics. In fact, a DGS in the ground plane disturbs the shield current distribution in the ground plane and this disturbance in turn changes in characteristics of the transmission line in terms of line capacitance and inductance. The self resonant characteristic of the proposed DGS helps the BPF to exhibit an attenuation pole in the upper stop-band region. By properly selecting the geometrical parameters of the proposed DGS shape, the attenuation pole can be forced to occur at the desired location in the frequency band of interest and thus the stop band can easily be widened in comparison with the conventional coupled line filters. Figure 3 shows the proposed coupled-line band-pass filter with two DGS sections, which is located on the metallic ground plane below the I/O transmission lines.
In order to derive an equivalent circuit for the proposed parallel coupled-line BPF, an equivalent circuit and extraction method approach of the circuit parameters for a DGS [2, 3] , is employed. The circuit representation of the five-pole coupled-line BPF with equivalent circuits of the DGS, represented by a parallel LC circuit is shown in Figure 4 . The series susceptance for a parallel LC resonator, shown in Figure 5 (a), can be converted to a parallel resonator with a J-inverter as shown in Figure 5 The J-inverter formula and resonator susceptance are given by
where, B a is susceptance of the DGS section, B 1 is the susceptance of the equivalent resonator for the DGS section, ω C1 is the angular resonant frequency of the parallel LC resonator and C 1 denotes the extracted capacitances. At this resonant frequency of the DGS circuit, the J-inverter value becomes zero indicating that there is no coupling at this frequency such as dc. Thus, the proposed band-pass filter structure can provide an attenuation pole at the resonant frequency of the DGS circuit.
PARAMETRIC STUDY

Influence of the Lattice Dimension
In order to examine the influence of the lattice dimension, a microstrip line with 50 Ω characteristics impedance printed over the dumbbell DGS section is considered. The microstrip line with etched lattice shape of the proposed DGS section located on the metallic ground plane is shown in Figures 6(a) and (b). The structure is constructed on the FR4, PCB board with dielectric constant ε r = 4.4, loss tangent tan δ = 0.016 and substrate thickness h = 1.6 mm for all simulations since the proposed filter is constructed on the same substrate. The DGS unit section can provide cutoff frequency and attenuation pole at some frequency without any need for periodic array of DGS. The etched gap, which is related to the gap capacitance, is kept constant to 0.5 mm for all the cases to facilitate the fabrication tolerances and the etched area is varied (along x and y axis). The S-parameter characteristics of the structure are shown in Figure 7 . The results obtained for various lattice dimensions are summarized in Table 2 .
As the etched area of the unit lattice is increased, the effective series inductance increases, and increase in the series inductance gives rise to a lower cutoff frequency and a shift in the corresponding location of the attenuation poles. These attenuation poles can be explained by parallel capacitance with the series inductance. This capacitance depends on the etched gap below the conductor line, which is denoted by g in Figure 6 (b). However, the attenuation pole location, which corresponds to the resonance frequency of the parallel LC circuit, also shifts toward lower frequency range because of the fact that as the series inductance increases, the resonance frequency of the equivalent parallel LC circuit decreases.
Modeling and Parameter Extraction
In the previous section, it is shown that the parallel LC circuit represents the equivalent circuit of the proposed DGS section. From a practical point of view, the DGS section can serve as replacements for a parallel LC resonator circuit. To apply the proposed DGS section to a practical circuit design, it is essential to extract the equivalent circuit parameters. The equivalent circuit of the proposed DGS is shown in Figure 8 and the Butterworth-type one-pole prototype low-pass filter circuit is shown in Figure 9 .
The reactance value of the proposed DGS unit can be expressed as follows:
where, ω 0 is the resonance angular frequency of the parallel LC resonator, which is corresponding to attenuation pole location in Figure 7 . The series inductance of the Butterworth low-pass filter can be derived as follows: Butterworth-type one-pole prototype low-pass filter circuit.
where ω denotes the normalized angular frequency, Z 0 denotes the scaled impedance level of the in/out terminated ports, and g 1 is given by the prototype value of the Butterworth-type low pass filter. In order equate the two characteristics, the reactance of the proposed DGS unit section, shown in Figure 8 , is matched with the reactance of the prototype low-pass filter, shown in Figure 9 , at the desired frequency. The equality at the cutoff frequency of the low-pass filter is given as:
From the above equality, the series capacitance C of the equivalent circuit, shown in Figure 8 , is obtained as follows:
Once the capacitance value of the equivalent circuit is extracted, the series equivalent inductance for the given DGS section can be calculated as follows:
where, f 0 is the frequency of the attenuation pole location and C is the extracted series capacitance value. Next, only the set of x and y parameters for which the attenuation pole occurs precisely at 7.5 GHz are selected from Table 2 and the equivalent circuit parameters L and C are extracted only for these cases as stated above. The results obtained are tabulated in Table 3 .
The S-parameter characteristics for various combinations of x and y is shown in Figure 10 . By selecting x = 8 mm and y = 0.5 mm, a combination of higher capacitance and lower value of inductance is achieved. This data is considered for the proposed work. As evident, the stop band characteristics are widened from 3 GHz to 8 GHz.
A comparison of the S-parameter characteristics (both simulated and experimental) obtained for the proposed filter with and without DGS section is shown in Figure 11 . 
FABRICATION AND MEASUREMENTS
The proposed BPF with DGS section is realized using microstrip technology.
The prototype model is developed and then the characteristics are measured by using Vector Network Analyzer. The comparison between the simulated and the experimental results is shown in Figure 11 . A good agreement between the two is evident. The simulated and measured results both confirm that the proposed BPF configuration posses better performance in terms of high out-ofband rejection level. The top and bottom view of fabricated BPF with and without DGS is shown in Figures 12(a) , (b) and 12(c), (d).
CONCLUSION
A compact symmetrical parallel coupled BPF design etched on the DGS lattice section is realized. The proposed design not only occupies approximately half of the area required by the conventional BPF structure but also offers improved stop band characteristics. The proposed structure finds application in WLAN devices.
